Allozyme diversity was examined in the Japanese jack-in-the pulpit species, Arisaema serratum and A. tosaense, and their putative hybrid species, A. ehimense (all diploid). Arisaeme ehimense contains mostly alleles found in one or both of the putative parent species but few unique alleles, partially supporting the hypothesis that A. ehimense is of hybrid origin from the two species, although the possibility that A. ehimense arose via divergent speciation cannot be excluded. Because only limited information was gained from the survey of allozyme variation, additional taxon-speci®c markers from A. serratum and A. tosaense are required to test rigorously the hybrid origin of A. ehimense. A phenogram based on allele frequencies suggested that introgression occurs between A. serratum and A. tosaense where these species are sympatric.
Introduction
Natural hybridization is considered to play a major role in plant speciation (Arnold, 1997) , although this has not always been recognized (Wagner, 1970; Gottlieb, 1972; Heiser, 1973) . Undoubtedly, natural hybridization is important as a ®rst step for allopolyploid speciation, which is a major process in plant speciation (Grant, 1981) . However, it remains uncertain to what extent hybridization contributes to speciation at the diploid level, even though many species have been considered to have homoploid hybrid origin in studies of native¯oras (e.g. Stace, 1975) .
Morphological analysis of putative homoploid hybrid species can lead to false conclusions because morphological resemblance does not always indicate a close phylogenetic relationship. Therefore, morphological intermediacy of a species is not sucient evidence that it is of hybrid origin. More exact evidence is obtained from additional characters such as molecular markers.
To date, several examples of homoploid hybrid plant species have been unambiguously con®rmed by molecular markers (Rieseberg, 1997) . Conversely, some species morphologically presumed to be of diploid hybrid origin were concluded not to be so (Rieseberg et al., 1990; Spooner et al., 1991; Wolfe & Elisens, 1993; Dubouzet & Shinoda, 1999) or their origin remained ambiguous, based on molecular marker evidence (Crawford & Orndu, 1989; Wendel et al., 1991; Allan et al., 1997; Harris & Abbott, 1997) .
One of the necessary conditions under which diploid hybrid speciation occurs is rapid formation of reproductive isolation between hybrid and parental individuals. However, this condition is not expected to be satis®ed easily, possibly explaining why homoploid hybrid speciation is relatively rare (Rieseberg, 1997) . Some investigators have proposed that diploid hybrid species have greater evolutionary potential than that of parent species because they combine the alleles of the two parents (Anderson, 1949; Stebbins, 1950; Grant, 1958) . Currently, this hypothesis is not supported by the ®ndings of previous studies (Rieseberg, 1997), although few detailed analyses have been conducted.
Arisaema ehimense J. Murata & Ohno (Araceae) is distributed only in the north-west part of the Shikoku Island of Japan. This species is morphologically intermediate between A. serratum (Thunb.) Schott and A. tosaense Makino, and is diploid (2n 28) (Murata & Ohno, 1989) . Arti®cial hybrids between A. serratum and A. tosaense are morphologically very similar to A. ehimense (Murata & Ohno, 1989) . The pollen stainability of A. ehimense is similar to that of A. serratum and A. tosaense, and seeds from the natural populations germinate well (Murata & Ohno, 1989) . Arisaema ehimense forms populations allopatrically with A. serratum and A. tosaense. These facts indicate that A. ehimense is not a simple F 1 , but rather an established breeding species, and therefore a putative diploid hybrid species (Murata & Ohno, 1989) .
At present, A. ehimense is isolated from its putative parental species geographically and phenologically (Murata & Ohno, 1989) . Generally, A. tosaense occurs at higher altitudes than A. ehimense, although both species occasionally occur parapatrically. Arisaema serratum has not been found in or proximate to populations of A. ehimense. Although A. ehimense¯owers almost simultaneously with A. serratum, these species¯ower approximately three weeks earlier than A. tosaense.
In this study, we address the following questions using allozyme markers. Do allozyme data support the hypothesis that A. ehimense is a putative diploid hybrid species? If so, does A. ehimense have greater genetic diversity than that of the putative parent species?
Materials and methods

Plant materials
Arisaema ehimense is a perennial herb that occurs in the understorey of temperate forests and planted Cryptomeria japonica D. Don aorestation, and is restricted to the north-western part of the Shikoku Island of Japan. To date, fewer than 10 localities of A. ehimense have been identi®ed. In contrast, A. serratum is a variable species and is widely distributed in Japan, and occupies similar habitat to A. ehimense. Arisaema tosaense is distributed on Shikoku and the contiguous islands, and also occurs in the understorey of temperate forests, though on Shikoku it is found mainly at higher altitudes than A. ehimense and A. serratum. All three species exhibit sequential dioecy; i.e. individuals change gender through the growing season.
Five populations (E1±E5) of A. ehimense were sampled and selected to represent the geographical range of the species (Fig. 1) . Although A. serratum is distributed widely, only those populations proximate to the distribution of A. tosaense may have been involved in the origin of A. ehimense. Consequently ®ve populations (S1±S5) of A. serratum were sampled from Shikoku and the adjacent areas. Although A. serratum is a very variable species and many local races have been recognized by taxonomists, only A. serratum sensu stricto has been invoked as a putative parent of A. ehimense (Murata, unpubl. data). Thus, only populations with this morphology were sampled. Six populations (T1±T5) of A. tosaense were also sampled. Some individuals of A. tosaense were found within a few hundred metres of a A. ehimense population (E3). Populations S5 and T6 were located on the same part of a hill, where a few intermediate individuals to Arisaema serratum and A. tosaense were also found (Masuda and Maki, unpubl. data). Mature leaves from individuals within each population were collected and transported on ice to the laboratory. Samples were kept in a refrigerator for up to three weeks until electrophoresis was carried out; enzyme activity did not decrease during this period. 
Enzyme electrophoresis
One hundred mg of leaf sample per individual was homogenized in 1 mL of extraction buer (Tsumura et al., 1990) . Homogenates were centrifuged at 20, 000 g at 4°C for 30 min and supernatant was used as a crude enzyme extract.
Polyacrylamide vertical slab gel electrophoresis was carried out according to procedures described by Tsumura et al. (1990) . Ten lL of crude extract per individual were examined per gel. The following 12 enzyme systems were examined: alanine aminopeptidase (AAP; EC 3.4.11.1), alcohol dehydrogenase (ADH; EC 1.1.1.1), aspartate aminotransferase (AAT; EC 2.6.1.1), colometric esterase (EST; EC 3.1.1), glucose-6-phosphate isomerase (GPI; EC 5.3.1.9), glutamate dehydrogenase (GDH; EC 1.4.1.2), leucine aminopeptidase (LAP; EC 3.4.11.1), menadione reductase (MNR; EC 1.6.99.2), phosphoglucomutase (PGM; EC 5.4.2.2), 6-phosphogluconate dehydrogenase (6PGDH; EC 1.1.1.44), superoxide dismutase (SOD; EC 1.15.1.1), and triose-phosphate isomerase (TPI; EC 5.3.1.1) using established staining protocols (Tsumura et al., 1990) .
Results
A total of 15 enzyme loci were consistently resolved. Among these loci, two (Sod-1 and Sod-2) were monomorphic in all populations examined. Fifty-three putative alleles were identi®ed at 15 presumed loci (Table 1 ). Fourteen alleles were identi®ed which could potentially serve as marker alleles, i.e. they were found in one of the putative parent species, A. serratum or A. tosaense, but not in both (Table 1) . These marker alleles did not occur at high frequency in either putative parent species. Three marker alleles (Tpi-
, and Gdh e ) were found in at least one of the putative hybrid populations. The allele Aat-2 d occurred in all ®ve populations of A. ehimense and four populations of A. tosaense. None of the marker alleles found in A. serratum were present in A. ehimense. Only two alleles (Lap a and Lap f ) were unique to the putative hybrid, A. ehimense, and occurred at very low frequencies (0.020 and 0.040, respectively) in a single population (E-4).
Genetic identities (Nei, 1972) among populations within a species were very high in A. ehimense and A. tosaense, and lower in A. serratum (Table 2) . Genetic identities between species were relatively high ( Table 2) . These levels of divergence are lower than the average for congeneric species, and are similar to those of an intraspeci®c comparison (Crawford, 1990) . Genetically, A. ehimense is slightly closer to A. tosaense (I 0.928) than to A. serratum (I 0.887).
The phenogram using the NJ-method based on standard genetic distance (Saitou & Nei, 1987 ) is shown in Fig. 2 . The support for individual nodes was assessed using 1000 bootstrap replicates in PHYLIP PHYLIP (Felsenstein, 1995) . Populations of A. ehimense are clustered together, suggesting that the species has a single origin. By contrast, A. serratum does not show such a pattern; populations S1 and S2 are clustered together, although the bootstrap value is low, whilst the other populations are remote from them. This result is consistent with previous documentation of the multiple origin of A. serratum (Kawahara & Murata, 1995) . However, this result may also be explained by the variability of A. serratum. It is noteworthy that the populations of A. serratum and A. tosaense (S5 and T6) that cluster together are sympatric.
At the population level, the proportion of polymorphic loci and the expected heterozygosities were lower in A. ehimense (P 57.3, h 0.190) than in the putative parent species, A. serratum (P 58.7, h 0.259) and A. tosaense (P 61.3, h 0.230). The number of alleles per locus of A. ehimense (A 2.08) was slightly higher than that in A. serratum (A 1.97), but lower than that in A. tosaense (A 2.31; Table 3 ). Genetic diversity indices within a population for each species showed the same trend as those within a species (Table 3) .
Inbreeding coecients for all polymorphic loci were calculated for each population and their statistical signi®cance was examined using a v 2 -test (Li & Horvitz, 1953) . Most of the values are not signi®cant (Table 4) , coinciding with the fact that all species exhibit sequential dioecy and obligate outcrossing. Genetic dierentiation among populations (G ST ; Nei, (1973) are 0.245, 0.052, and 0.128 in A. serratum, A. ehimense, and A. tosaense, respectively. This indicates that genetic dierentiation among populations is small in A. ehimense and A. tosaense and gene¯ow among populations would be large, while interpopulation genetic dierentiation is somewhat large in A. serratum.
Discussion
Origin of Arisaema ehimense
Additivity of marker alleles and a scarcity of unique alleles in the putative hybrid species are necessary (Rieseberg, 1997) to unambiguously document homoploid hybridity. In this study, no alleles showing additivity were found, a result that does not strongly support the hybridity of A. ehimense. In this case, the low frequencies of marker alleles and the genetically close relationship between the proposed parent species make unambiguous documentation of hybridity dicult. However, considering that alleles unique to A. ehimense are very rare (only Table 1 Allele frequencies for 15 loci in the putative hybrid, Arisaema ehimense, and its parents, A. serratum and A. tosaense. N for each population is the mean sample size per locus. Alleles unique to the proposed hybrid are in italics. Marker alleles that distinguish the putative parents are shown in boldface. Marker alleles that also occur in the putative hybrid (additive alleles) are followed by an asterisk two in one population), the hypothetical hybridity of A. ehimense cannot be rejected, although this fact per se does not support the hypothesis. Because of genetic similarity, the same alleles tended to be present in both putative parent species, and marker alleles that distinguished them were relatively few. The distribution of 1.000
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1.000 1.000 T6 ). An alternative hypothesis, that the evolution of A. ehimense occurred without hybridization, is possible. In this scenario, the three species may have diverged in recent times, and A. ehimense dierentiated from A. tosaense more recently, because only A. tosaense marker alleles were found in A. ehimense and the genetic identity between these species is greater than that between A. ehimense and A. serratum. However, this seems less plausible than that of a derivation following hybridization. Individuals that result from arti®cial hybridization of A. serratum and A. tosaense are morphologically very similar to those of A. ehimense (Murata & Ohno, 1989) . Additionally, the morphological characteristics of A. ehimense show a mosaic of patterns found in the proposed parental species. This is a typical morphological feature of interspeci®c hybrids of Arisaema. More than a dozen such interspeci®c hybrids have been reported and examined in Japan (Murata & Ohno, 1989) ; however, morphological intermediacy can be found even in divergent evolution (Wilson, 1992) . In order to test unambiguously between hybrid origin and divergence speciation of A. ehimense, more markers are needed which clearly distinguish the two parents.
Genetic diversity of the populations of three Arisaema species Genetic dierentiation among populations was not large in all three species. Most Arisaema species are pollinated by fungus gnats, and their seeds are dispersed by birds. In addition, the species examined in this study are sequentially dioecious and obligately outcrossing. These factors would promote gene¯ow among populations of species and probably hybridization between co-occurring species.
The genetic diversity of A. ehimense is roughly equivalent to or lower than that of its putative parent species. Although hybrid taxa have been suggested to be more genetically variable than their parents (Anderson, 1949; Grant, 1958) , it is not found be the case (Rieseberg, 1997). If A. ehimense was of hybrid origin, only a small number of parental individuals would be expected to have been involved in its origin.
